Abstract: Night-time lights interact with human physiology through different pathways starting at the retinal layers of the eye, from the signals provided by the rods, the S-, L-and M-cones, and the intrinsically photosensitive retinal ganglion cells (ipRGC). These individual photic channels combine in complex ways to modulate important physiological processes, among them the daily entrainment of the neural master oscillator that regulates circadian rhythms. Evaluating the relative excitation of each type of photoreceptor generally requires full knowledge of the spectral power distribution of the incoming light, information that is not easily available in many practical applications. One such instance is wide area sensing of public outdoor lighting; present-day radiometers onboard Earth-orbiting platforms with sufficient nighttime sensitivity are generally panchromatic and lack the required spectral discrimination capacity. In this paper we show that RGB imagery acquired with off-the-shelf digital single-lens reflex cameras (DSLR) can be a useful tool to evaluate, with reasonable accuracy and high angular resolution, the photoreceptoral inputs associated with a wide range of lamp technologies. The method is based on linear regressions of these inputs against optimum combinations of the associated R, G, and B signals, built for a large set of artificial light sources by means of synthetic photometry. Given the widespread use of RGB imaging devices, this approach is expected to facilitate the monitoring of the physiological effects of light pollution, from ground and space alike, using standard imaging technology.
Introduction
Interest in the physiological effects of artificial light at night has steadily grown in recent years. The alteration of natural cycles of light and darkness, brought about by the widespread use of artificial light, has been shown to contribute to circadian rhythm disruption, sleep disorders, and other potentially relevant public health outcomes [1] [2] [3] [4] [5] [6] [7] [8] [9] . Increasing awareness of the unwanted effects of light pollution, and the quest for a sustainable approach to outdoor lighting, have fostered the search for practicable methods of evaluating human exposure to artificial light at night. images can be used to assess the contribution of each light source present in the field of view to the relative excitation of the five human photoreceptors, which is presently believed to be the basic information required to evaluate the non-image-forming effects of light at night.
Materials and Methods

Photoreceptoral and RGB spectrally-weighted radiant quantities
Several radiant magnitudes are of interest for light pollution studies dealing with the physiological effects of optical radiation. The most basic one is the spectral radiance distribution at the entrance pupil of the eye (units Wm −2 sr −1 nm −1 ), that determines the spectral irradiance at each particular retinal location (Wm −2 nm −1 ), and hence the radiant spectral flux incident on individual photoreceptors (Wnm −1 ). The effective dose absorbed by each photoreceptor depends on the spectral composition of the incident beam weighted by the photoreceptor-specific spectral sensitivity. Human photoreceptors act like spectral filters whose spectral sensitivity functions are determined by the absorption characteristics of the receptor opsins and the spectral transmittance of the pre-receptoral ocular media, including the retinal pigments. A set of standard spectral sensitivity functions for the five photoreceptors have been experimentally determined and proposed for general use [16, 17] . Figure 1 displays the functions ( ) , ( ) , ℎ( ) , ℎ( ) , and ( ) , corresponding to the cyanopic (S-cone), melanopic (ipRGC), rhodopic (rod), chloropic (M-cone), and erythropic (L-cone) transmittance-corrected opsins, respectively. These functions are normalized to 1 at their peak, compliant with the SI criterion stated in CIE TN 003:2015 [17] . Thus if ( ) is the spectral radiance (Wm −2 sr −1 nm −1 ) incident on a given photoreceptor with spectral sensitivity ( ), the corresponding band-weighted radiance Y (in units "Wm −2 sr −1 within the ( ) band") will be:
where ( ) stands for any of the ( ), ( ), ℎ( ), ℎ( ), and ( ) functions, and Y is the effective radiance exciting the corresponding photoreceptor (that we will denote by Cy, Me, Rh, Ch, and Er, respectively). Note that the same type of weighted integral can be applied to other radiant magnitudes of interest, like the irradiance, radiant flux or radiant exposure, among others.
In an analogous way, the camera pixel readings in the R, G, and B bands are proportional to
where ( ), ( ), ( ) are the corresponding spectral sensitivity functions of the camera pixels spatially arranged in the Bayer matrix ( Figure 2 ). Note that after suitable calibration the camera pixel readings can be converted to band-weighted pixel radiant exposure (units J). The corresponding radiant flux (units W) can be obtained as the radiant exposure divided by the exposure time. This flux can, in turn, be used to compute the pixel irradiance (Wm −2 ) by dividing it by the pixel area. The radiance (Wm −2 sr −1 ) incident on each pixel can be computed by dividing the irradiance by the solid angle (sr) of the beam, which in turn depends on the camera lens numerical aperture (f-number). The band-weighted radiance incident on the camera is obtained by dividing the radiance incident on the pixel by the transmittance of the camera lens in the corresponding photometric band. These last two steps can be performed at once if there is information available about the band-weighted T-stops. The weighted irradiance at the input pupil of the camera can be deduced easily using standard photometric transformations. The problem to solve can then be stated as follows: estimating the values of Y (Cy, Me, Rh, Ch, and Er) for the light sources within the field-of-view, from the camera readings R, G and B. 
Linear estimation of the photoreceptoral weighted radiances from RGB signals
An exact, analytic solution to the problem of determining the Y radiances from the R, G, and B signals would be obtained by finding the (Y-dependent) coefficients , , and that fulfill the equality
for any arbitrary incident radiance ( ). However, the general validity of Equation (3) requires that the corresponding weighting functions strictly conform to
for all wavelengths . It is easy to see that there are no exact solutions for , , and allowing conformation to equation (4) for any of the ( ), ( ), ℎ( ), ℎ( ), and ( ) photoreceptor functions and the ( ), ( ), ( ) bands. In other words, the photoreceptoral ( ), considered as Hilbert space vectors, do not belong to the subspace spanned by { ( ), ( ), ( )}. Real values for , , and allowing approximate conformity to Equation (4) can be obtained by a linear least-squares fit (LSQ) of ( ), ( ), ( ) to ( ) over all wavelengths. However, for light pollution studies this homogeneous LSQ fit over wavelengths, with all spectral equally weighted, turns out to be a suboptimal choice. Present-day outdoor lighting sources are manufactured using a restricted set of technologies and, in consequence, their light spectra belong to a finite set of basic patterns. This makes it reasonable to find the best fit of ( ), ( ), ( ) to ( ) for these lamp spectra, such that the squared differences between the two sides of Equation (4) is minimised over the relevant lamp dataset.
To proceed in this way let us use a wide set of N different outdoor light lamps, with known spectral radiance distributions, ( ), i=1,...,N, and let us determine by numerical integration the corresponding values of the band-weighted radiances Cy , Me , Rh , Ch , Er , and , , , using Equations (1) and (2), a procedure commonly known in astrophysics as synthetic photometry. Ordering these band-weighted radiances as × 1 column vectors , , , , , and , , , we can rewrite Equation (3) in vector form, for the generic photoreceptor Y, as
which is an overdetermined linear system of equations with three unknowns ( , , and ). This system has no exact solution, both for the fundamental reason outlined above regarding Equation (4) and because in practice all relevant radiant magnitudes involved are affected by measurement noise (in our case, the noise present in the experimentally measured lamp spectra used to compute the weighted radiances by means of synthetic photometry). However, Equation (5) can be solved in an LSQ sense by minimizing the squared differences between both sides of the equation over the whole lamp database. To do so, let us define the × 3 system matrix = [ ] formed by the three × 1 column vectors, and = ( , , ) the coefficient 3 × 1 column vector, where t stands for 'transpose'. In terms of these newly defined objects, Equation (5) can be rewritten as
that can be solved, in the LSQ sense, as
where + = ( t ) −1 t is the Moore-Penrose pseudoinverse (size 3 × ), and ̂ denotes that the coefficients obtained by this procedure are a least-squares estimation, rather than an exact solution.
In practice, it is often convenient slightly to reformulate this problem in terms of dimensionless quantities. This situation arises when one wishes to compute the ( , , ) coefficients from lamp spectral data expressed in homogenous but otherwise arbitrary units. To that end, it is advantageous to normalize all weighted integrals to one of them, e.g. G, such that Equation (3) becomes
This expression lends itself well to graphical display since the dimensionless quantities (R G ⁄ , B G ⁄ , Y G ⁄ ) can be interpreted as the (x, y, z) coordinates of a point representing a lamp in a threedimensional (3D) space. All lamps in the database then form a cloud of points in this space. From this standpoint Equation (8) is the equation of a plane, and, for the whole set of lamps, finding the optimum ( , , ) coefficients is equivalent to the problem of finding the plane that best fits the cloud of points. The procedure to solve this issue is completely analogous to the one outlined above. Let us define the G-normalized vectors = .⁄ , = .⁄ , and = .⁄ , where the symbol "./" denotes division element by element, such that Equation (8) t . The coefficients ̂ thus determined are identical to the ones obtained using Equation (7) . In Section 3 we will take advantage of this G-normalized formulation to represent the results as two-dimensional scatter plots of Y G ⁄ versus the independent variable X = R G ⁄ + B G ⁄ + . Note that, by definition, the straight line fit of Y G ⁄ versus X has unit slope and zero intercept. Note also that once the ( , , ) coefficients have been determined, the absolute, non-normalized value of Y for any lamp can be immediately obtained by multiplying its Y G ⁄ by its value of G.
Lamp spectra database
A total of 205 lamp spectra, comprising compact fluorescent (CFL), ceramic metal-halide (CMH), T-type fluorescent (FL), halogen (HAL), high-pressure sodium vapor (HPS), incandescent (INC), light-emitting diode (LED), metal halide (MH) and mercury vapor (MV) lamps, with native 5nm wavelength resolution, were used for this work. These belong to two different spectral libraries, the LSPDD database [52] and the LICA UCM spectra database [53] . Whereas the former consists of spectra measured in the laboratory, the latter relies mainly on field measurements of the spectra of outdoor lights. All spectra were linearly interpolated to 0.5 nm intervals before performing the required weighted integrations.
Results
The synthetic photometry calculations described by Equations (1) and (2) were performed for all the lamps contained in the sample used in this study. The results, displayed as point clouds in the Gnormalized 3D space (R G ⁄ , B G ⁄ , Y G ⁄ ) are shown in the left-hand column of Figure 3 for the cyanopic, melanopic, rhodopic, chloropic, and erythropic band-weighted radiances. These clouds of points can be fitted with reasonable efficacy by planes of the type described by Equation (8), determining the fit coefficients ( , , ) by the procedures above described. The results are displayed in the righthand column of Figure 1 , where the values of Y G ⁄ are plotted against the independent variable defined by optimum linear combination X = R G ⁄ + B G ⁄ + . Table 1 summarizes the coefficient values and the standard deviation of the residuals of the fits. 
Discussion
Our results suggest that the band-weighted radiances in the photoreceptoral bands ( ) , ( ) , ℎ( ) , ℎ( ) , and ( ) can be estimated (in a least-squares sense) with reasonable precision from the R, G, and B weighted radiances. This opens the way for using calibrated off-theshelf DSLR cameras to estimate, from the raw RGB images, the at-the-sensor cyanopic, melanopic, rhodopic, chloropic, and erythropic radiances. These are presently deemed to be the fundamental inputs required to describe the non-image-forming effects of light on human physiology. This work further develops that recently published [51] , by taking advantage of the non-redundant information contained in the three RGB bands to find the optimal estimations of these physiologically relevant quantities.
The relative sizes of the ( , , ) coefficients in Table 1 are roughly indicative of the closeness of each photoreceptoral band to the ( ), ( ), and ( ) ones. In those cases where one of the coefficients is significantly smaller than the other two, the two independent variables fits Y G ⁄ = R G ⁄ + B G ⁄ + can be satisfactorily approached by one variable fits as e.g. Y G ⁄ = R G ⁄ + or Y G ⁄ = B G ⁄ + , depending on the case, an approach that was basically followed in [51] although using different variable normalizations (i.e., G R ⁄ and B G ⁄ , respectively). The two independent variables fitting procedure presented in this work allows, however, for reducing the fit residuals at no relevant additional computational cost.
Note that although we have chosen the spectral radiance ( ) as the most appropriate input function, due to its basic role in radiometry, the formal developments described in this paper can equally be applied with no change in the expressions nor in the algebraic procedures to any radiant magnitude of interest (e.g., the spectral irradiance, the radiant flux or the radiant exposure). It has become a customary practice in experimental studies of non-image-forming effects of light to report as input variable the spectral irradiance at the corneal vertex plane, instead of the most basic spectral radiance. This corneal spectral irradiance is taken as a proxy for the spectral irradiance incident on the photoreceptors (after pre-receptoral filtering has been conveniently accounted for). As a matter of fact, however, the actual validity of this proxy depends on choosing very specific experimental illumination conditions. In the general case it is the corneal radiance, and not the corneal irradiance, that determines the retinal irradiances and, consequently, the actual photoreceptor exposures.
Two main restrictions limit the scope of this work. First, only first order linear regressions have been used to determine the optimum Y versus R, G, B estimators. Other approaches involving higher powers of R, G, B could additionally be considered. Second, our study has been restricted to the spectra of a large series of lamps widely used in lighting applications, both indoor and outdoor. Actual human light exposures, however, do not depend only on the lamp spectra, but also on the spectral reflectance of the environment surrounding the observer (walls, façades, etc). The key role of the environment in shaping the resulting spectral irradiance at the entrance pupil of the observer's eyes has been theoretically and experimentally verified [56] . Wide-field DSLR panoramic images have the potential to provide estimates of the overall corneal band-weighted irradiance by means of the solid-angle integration of the radiance contributions of each pixel located in the hemisphere in front of the observer. In this way, we can account for the fact that not only the direct light from the sources but also the light reflected from the walls and other material media around the observer contribute to building up the total light exposure. Evaluating the DSLR performance for this application remains the subject of future work.
Notwithstanding these limitations, our results suggest that RGB photometry with DSLR cameras can be a useful technique for obtaining relevant information on the physiological inputs to the eye in the lit nightscape. Although DSLR cameras cannot compete in spectral resolution with hyperspectral devices such as the ones that have been successfully employed in this field of research (see [54] regarding the use of hyperspectral cameras for urban lamp identification in New York, and [55] for their application to the determination of the streetlights band-weighted radiances Cy, Me, Rh, Ch, and Er in the Barcelona nightscape, and the resulting band-weighted irradiances at the eye of the city dwellers), DSLR offer clear advantages in terms of overall sensitivity and cost, with the same high angular resolution capability. The fact that a high number of photographers, astrophotographers and citizen scientists alike, besides the professional light pollution research community, are frequent DSLR users, can help to expand significantly the present capacity of acquiring extensive datasets for assessing physiological responses, information of key importance for epidemiologic studies addressing the health effects of human exposure to light at night. 
